Abstract-One unique feature in parallel three-phase converters is a potential zero-sequence circulating current. To avoid the circulating current, most present technology uses isolation approach, such as transformers or separate power supplies. This paper proposes a parallel system where individual converters connect both ac and dc sides directly without additional passive components to reduce size and cost of the overall parallel system. In this case, the control of the circulating current becomes an important objective in the converter design. This paper 1) develops an averaged model of the parallel converters based on a phase-leg averaging technique; 2) a zero-sequence model is then developed to predict the dynamics of the zero-sequence current; 3) based on the zero-sequence model, this paper introduces a new control variable, which is associated with space-vector modulation; 4) a strong zero-sequence current control loop is designed to suppress the circulating current; 5) simulation and experimental results validate the developed model and the proposed control scheme.
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I. INTRODUCTION
T HE use of parallel power converters, particularly parallel dc/dc converters, has become more common in the past decade. However, the use of parallel three-phase converters has not yet been explored extensively. One unique feature when paralleling three-phase converters is a potential zero-sequence circulating current [1] - [12] . To avoid the circulating current, the following three approaches are used commonly with present technology: 1) Isolation. Separate ac or dc power supplies [2] , [11] , or a transformer isolated ac side [3] , [5] is configured for the overall parallel system. In this approach, the overall parallel system is bulky and costly because of additional power supplies or the ac line-frequency transformer. 2) High impedance. Inter-phase reactors are used to provide high zero-sequence impedance [1] , [6] . However, the reactors provide high impedance only at medium and high frequencies. They cannot prevent a low-frequency circulating current. 3) Synchronized control. This approach basically treats the parallel converters as one converter [4] , [5] , [7] - [10] . For example, two parallel three-phase three-leg converters are controlled as a three-phase six-leg converter. This approach is not suitable for modular converter design. When more converters are in parallel, the system becomes very complicated to design and control. This paper proposes a parallel system where individual converters connect both ac and dc sides directly without additional passive components. The direct connection would reduce size and cost. Meanwhile, the parallel converters are controlled independently to facilitate modular design.
In Section II, an averaged model of the zero-sequence current in two parallel three-phase boost rectifiers, as shown in Fig. 1 , is developed. Based on the model, Section III introduces a new control variable, which is associated with space-vector modulation. Then, a zero-sequence current control scheme is proposed. The control scheme is designed within an individual converter in order to have modular design. Section IV shows some simulation and experimental results to validate the developed model and the proposed control scheme. Section V summarizes the major contributions of this work and discusses ideas for future work. 
II. MODELING OF THE ZERO-SEQUENCE CURRENT
A traditional modeling approach for a three-phase boost rectifier is to transform stationary variables into rotating coordinates. Zero-sequence components, such as zero-sequence voltage, are not reflected in the model because they do not affect control objectives, such as input line currents and output dc voltage. In order to model the zero-sequence current for the parallel rectifiers, a phase-leg averaging technique is used [12] , as illustrated in Fig. 2 , where the lower case symbols represent instantaneous variables, and the upper case symbols represent averaged variables. Fig. 2(a) shows one totem pole phase-leg of the rectifier. It has a current source in one side and a voltage source in the other. Both current and voltage are assumed continuous. Fig. 2(b) shows the pulse-width modulation (PWM) of the switches, where is defined as the duty cycle of the top switch , while is complementary with . The corresponding voltage and current relationships are also shown in Fig. 2(b) . Based on these relationships, the averaged model of the phaseleg is depicted in Fig. 2(c) .
Applying phase-leg averaging to all three legs of the rectifier, an averaged model of the rectifier is developed, as shown in Fig. 3 .
For a carrier-based PWM rectifier, the duty cycles and are sinusoidal in steady state under balanced condition. Therefore, the sum of , and is zero. A space-vector modulated rectifier, however, usually has triple harmonics in order to reduce switching losses, increase maximum modulation index, and improve waveforms total harmonic distortion (THD). Therefore, the sum of the duty cycles is not equal to zero, and it is defined as a zero-sequence duty-cycle As a result, Fig. 4 shows the averaged model of the threephase rectifier with zero-sequence components. For a single rectifier, the sum of and has to be zero because there is no zero-sequence current path. Although a zero-sequence voltage exists in the converter, it does not affect the input currents and output voltage control.
With two rectifiers in parallel, a zero-sequence current path is formed and a circulating current may occur. Fig. 5 shows the averaged model of the two parallel three-phase rectifiers.
In Fig. 5 , the zero-sequence current is defined as (6) In the ac side, there are three loops forming three equations
and (9) where and , which are not identified as a separate circuit element in Fig. 5 , are equivalent series resistors (ESR's) of the inductors and , respectively. Summing up (7)- (9), and using (3) and (6), the following equation can be derived: (10) Equation (10) describes the dynamic of the zero-sequence components. As a result, the averaged model of the zero-sequence dynamic is developed, and is depicted in Fig. 6 .
III. CONTROL OF THE ZERO-SEQUENCE CURRENT
Different space-vector modulation (SVM) schemes produce different triple harmonics and therefore have different duty cycles , and . For example, Fig. 7 shows one PWM pattern of the SVM scheme with alternative zero vectors. The , and are the duty cycles of and , respectively (11) where and are the duty cycles of the active vectors and , respectively, and is the total duty cycle of the zero vectors and . In this case, is (12) Although different SVM schemes have the same and in the synthesis of a reference vector, can differ. The distribution of the zero vectors can vary without affecting the control objectives, such as the input ac currents and the output dc voltage. This indicates that can be controlled by the distribution of . Based on this idea, a new control variable is introduced as follows:
(13) where is the time period for applying the zero vector , as illustrated in Fig. 8 .
Usually, for the scheme with alternative zero vectors, , as shown in Fig. 7 . With the definition in (13), (12) Then, the difference of of the two rectifiers is expressed as
As a result, the new averaged model of the zero-sequence dynamic with the new control variable is shown in Fig. 9 .
Since it is a first-order system, the control bandwidth of the zero-sequence current loop can be designed to be very high and a strong current loop suppressing the zero-sequence current can be achieved.
One rectifier needs only two current sensors to implement power factor correction because the sum of the three line currents is always zero. With two rectifiers in parallel, three current sensors are needed in order to obtain the zero-sequence current. Fig. 10 shows the implementation of the zero-sequence current control. In a two-parallel converter system, it is sufficient to control one of the two converters since there is only one zero-sequence current. The shaded block is the zero-sequence current controller added onto the other control parts of the rectifier.
This control scheme is advantageous over the one that treats the parallel converters as one converter. Since this scheme is implemented within the individual converter and does not need any additional interconnected circuitry, it allows modular design.
IV. SIMULATION AND EXPERIMENTAL RESULTS
The simulation model was developed using SABER. Without the zero-sequence current control, any discrepancies between two rectifiers (different switching frequencies, different power stage parameters or different switching deadtime, for example, each of which was demonstrated in simulation) may cause a large circulating current. Fig. 11 shows two rectifiers with switching frequencies of 32 kHz and 16 kHz. Fig. 11(a) shows that a significant low-frequency circulating current exists in the system. The and are zero-sequence currents for rectifiers 1 and 2, respectively. The circulating current causes distorted input line currents and , as shown in Fig. 11(b) . By applying the zero-sequence current control, the waveforms in Fig. 12 show that the circulating current is almost gone. Only high-frequency current ripples still exist, and they can be easily attenuated. Fig. 13 shows the zero-sequence currents and the line currents without zero-sequence current control, whereas Fig. 14 shows the waveforms with control. Due to nonuniform practical conditions (such as different delays of clock signals), the experimental waveforms are less uniform than simulation waveforms. Also, three noticeable ripples in Fig. 14(a) are due to distortion introduced by zero-crossing detection. 
V. CONCLUSION
This work has developed an averaged model to predict zerosequence dynamics in two parallel three-phase boost rectifiers. To control the zero-sequence current, a new control variable associated with space-vector modulation was introduced. Since the zero-sequence dynamic is a first-order system, a high bandwidth control loop was designed to effectively suppress the circulating current. Both simulation and experimental results validated the proposed control scheme. The implementation requires only one additional current sensor. The control algorithm can be easily programmed in a digital signal processor (DSP).
This modeling approach and control concept can be generalized for paralleling any two multi-phase converters, such as full bridge rectifiers and inverters, three-phase three-leg rectifiers and inverters, and three-phase four-leg rectifiers and inverters. These converters cover most medium and high power applications, such as motor drives, ac power supplies and dc power supplies. The generalization of this concept will be reported in a separate paper.
